Abstract: Here, we report on the design, fabrication, and verification of a novel CMOSimager-based contact imaging system. We acquired fluorescent images from live neurons by monitoring calcium changes with Fura-2 dye. Our current device consists of a removable absorption filter interfaced with a CMOS imaging sensor and an external DG-4 lamp for excitation. Fura-2 loaded Lymnaea stagnalis neurons were stimulated with dual excitation wavelengths of 340 and 380 nm; our image sensor detected 510-nm emission. We show that our system is capable of detecting intracellular calcium changes in Fura-2 loaded neurons. Further, this sensor also enabled viewing of multiple neurons over a large surface area simultaneously, an option that is not readily available in conventional light microscopy.
Introduction
Non-invasive monitoring/imaging of neuronal activity at multiple locations is central to deciphering brain function under normal and various pathological conditions. This is currently achieved through conventional microscopy approaches with cumbersome optical components such as lenses, prisms, filters and a high precision microscope body that coordinate these components. These conventional optical components are located between the specimen of interests and either the observer, or a camera to capture the image. Due to these intermediate optical components, such systems are generally large, expensive and immobile. These current constraints hinder conventional microscopy from becoming highly portable for neuronal imaging, which remains expensive to install and operationalize.
Contact imaging is a new method of micro imaging where the sample of interest is interfaced directly with the sensor array. The image is acquired by projecting light through the coupled sample or by capturing the light emitted by the sample. This approach eliminates several intermediate optical components that are required in conventional microscopy. While conventional imaging continues to provide better spatial resolution, contact imaging offers other advantages such as better light collection efficiency [1] - [3] lower cost, reduced weight and size, low power requirements and portability.
Contact imaging can be used for different types of spectroscopy such as absorption [4] and fluorescence [5] . Fluorescence spectroscopy is widely used as an imaging method in biological, pharmaceutical and medical research fields [5] - [14] . It utilizes light to excite fluorophores, which reemit an emission light. Typically the intensity of the emission light is 10 À4 to 10 À6 [15] , [16] times the excitation light. Therefore in fluorescence spectroscopy, an emission filter between the sample and the sensor is required to block excitation light and transmit emission light [17] . Similarly, in contact imaging systems, the filter is manufactured on top of the sensor and the sample is placed on top of the filter. To acquire a fluorescent image from the sample, the sensor array is illuminated by a uniform excitation light.
In this current study, a previously reported Polyvinyl acetate (PVAc) Benzophenone-8 (PVAcB-8) filter [17] was manufactured on top of the sensor array of a CMOS image sensor (CIS). In addition to its simple design and fabrication process, the filter can also be easily removed from the sensor therefore allowing reusability of the sensors. In this manuscript, Section 2 reviews the filter manufacturing method, Section 3 describes the system's quantum efficiency (QE) before and after the filter is applied, Section 4 tests the system's response to repetitive usage, Section 5 shows fluorescence detection of fluorescent micro beads and its repeatability, Section 6 reports the test results when applied to Lymnaea stagnalis neurons, Section 7 shows the spatial resolution limit of our system, and Section 8 summarizes the conclusions.
System Design and Manufacturing
The schematic of a contact imaging system is shown in Fig. 1 . The system's light path is similar to that reported previously [18] - [20] . However unlike previous works, this system is designed for fluorescent imaging via two excitation wavelengths, 340 nm and 380 nm. This is important because it allows the monitoring of intracellular ½Ca 2þ variation in Fura-2 loaded neurons. Additionally, the system design includes an easily removable PVAc based filter allowing for reuse of these sensors.
In this section the components of the fluorescent contact imaging system are described from the bottom up. The light detector used in the system is Aptina MT9V032 CIS. Aptina MT9V032 CIS has been chosen mainly due to its low light detection ability (sub 0.1 lux) and monochrome design. No Bayer filter allows us to fully control the wavelengths detected by the sensor when manufacturing our filter on top of the sensor array. The CIS mounted on a FPGA board (part number UI-1222LE-M-GL) was purchased from 1stVision Inc. [shown in Fig. 2(a) ]. The size of the FPGA board is 36 Â 36 Â 8 mm (HxWxD). The sensor package cross section is shown in Fig. 2(b) , it is a sealed package with a glass lid (borosilicate glass) cover above the sensor which protects the sensor from external hazards and prevents contact [21] . For our purposes, the borosilicate glass was removed to gain access to the sensor. Package cross section after glass removal is shown in Fig. 2(c) . This step is required due Fig. 1 . A schematic diagram of the contact imaging system. In a contact imaging system, the emission filter is coupled with the light detector and the specimen is then cultured directly on the filter. The excitation light is blocked by the emission filter, but allows for the passage of emitted light from the specimen which is detected by the light detector.
to the packaging method chosen by Aptina. In future work, we aim to use our custom designed low light CMOS sensor (which will not have a glass lid) [22] , [23] .
The MT9V032 is packaged in a standard wire bonding package. The wire bonding is a common method for bonding the sensor die to the packaging, it utilizes micro-wires that are 30 microns in diameter and can be easily severed by touch. In order to protect the bond wires they were covered via M-COAT C air drying silicon rubber; purchased from InterTechnology Inc. The silicone rubber was applied to the wire bonding area and allowed to dry for a period of 24 hours. Sensor-cross section after silicon rubber application is shown in Fig. 2(d) . Upon drying, the silicon rubber hardens and creates a protective shell [22] , [23] . With the wire bonds protected it is possible to safely apply an emission filter on to the sensor array.
In fluorescent imaging, the emission filter is of high importance since it is responsible for the signal-to-noise ratio (SNR) of the excitation/emission light. By attenuating the excitation light the filer Fig. 2 . The image sensor used is an (a) Aptina MT9V032 CIS mounted on FPGA board [21] . A crosssection of the package shows the original image sensor (b) with glass lid attached, and then with the (c) glass lid removed. With the glass is removed, to protect the wire bonding, (d) silicon rubber is applied. Finally, the (e) PVAcB-8 filter is spin coated onto the surface of the sensor and a layer of SiO 2 is sputtered.
shifts the SNR in favor of emission light. The different properties of the manufactured PVAcB-8 filter were described and demonstrated in a previous work [17] . Specifically it has been demonstrated that PVAcB-8 filter thickness of 20 m is efficient in blocking the excitation light while transmitting the emission light from Fura-2. The emission PVAcB-8 filter was manufactured on top of the sensor array via spin coating. The spin coating speed was calibrated to achieve a filter thickness of 20 m. A cross section of the sensor after filter application is shown in Fig. 2(e) . To achieve the desired thickness, an empirical method was used. A filter was manufactured on top of the sensor array via different spin coating speeds. The thickness of the filter was measured and recorded as a function of the spin coating speed and the results were fitted to an exponential function. By using the fitted equation, the spin speed was determined to be 800 RPM in order to achieve the desired thickness. After spin coating, the manufactured filter on the sensor was allowed to dry for a period of 24 hours. After the drying period the sensor was loaded into a sputtering device (Lesker CMS-18) and the filter was coated with a 100 nm layer of SiO 2 via sputtering. The SiO 2 layer has been deposited in order to mimic the normal glass slide culture conditions in a petri dish. We found this improved culture and dye loading conditions (data not shown).
It is important to note that the PVAcB-8 filter was manufactured on top of the MT9V032, which is packaged and attached to a FPGA board. When compared to other published work, the filter is often manufactured separately and subsequently attached to the sensor [19] , [20] [24]- [28] . Such manufacturing method results in an increase in filter thickness. This parameter can significantly affect the image [1] , [19] , [20] as the filter thickness is inversely correlated to the system's light collection and resolving power. Therefore, it is best to keep the filter thickness as low as possible. In addition, some reported work do not provide the method used to manufacture emission filters on the sensor arrays, nor does it provide the filter thickness [18] , [29] , therefore making direct comparison impossible.
The authors are unaware of any published work that describes a manufacturing method of an emission filter on a packaged sensor with an attached FPGA board. Thus the described manufacturing method is optimal when compared to other work. It demonstrates that the filter can be manufactured on commercially available or custom made sensors even after the sensor die has been packaged and even if the sensor has been attached to an FPGA board.
For the excitation light, a Lambda DG-4 illumination system was used. The illumination system utilizes 150W xenon lamp and a dichroic filter in order to select the desired wavelengths. For 340 nm excitation light, an Asahi Spectra XBPA340 band pass filter was used. For 380 nm excitation light, a ThorLabs FB380-10 band pass filter was used. Lambda DG-4 is the largest component of the system with dimensions 48 Â 25 Â 25 cm (H Â W Â D) and a weight of 20 kg. Despite the use of a larger excitation lamp system, the main goal of this specific study was to reduce the capturing part of the imaging system.
System Testing for Quantum Efficiency
Quantum efficiency (QE) measurement of the system is necessary to test the system's ability to block the excitation wavelength. Fura-2 is a ratiometric dye and has two excitation peaks corresponding to calcium bound molecules at 335 nm and calcium free at 362 nm. However the excitation wavelengths used for Fura-2 are 340 nm for calcium bound and 380 nm for calcium free. The large shift from 362 nm to 380 nm is due to consideration of signal to noise ratio (SNR). Emission originated from excitation at 362 nm will be composed of strong fluorescence originated from calcium free Fura-2 as well as calcium bound Fura-2. Excitation at 380 nm is more favorable because the emission signal will be composed mostly of calcium free Fura-2 signal, therefore increasing the SNR. For successful fluorescent imaging, the manufactured fluorescence filter must block both 340 nm and 380 nm wavelengths.
The QE of Aptina MT9V032 CIS was measured for wavelengths ranging from 300 nm to 600 nm in steps of 10 nm, before and after the filter application on the sensor array. To measure the response curve, an Oriel Monochromator model 77700 was used. The exit light from the monochromator was collimated and made uniform and projected on the sensor array. The results of the calculated QE as a function of wavelength, before and after filter fabrication are presented in Fig. 3 .
Additionally the excitation and emission spectra of Fura-2 fluorescent dye was overlaid on to the sensor QE curve, and it is also presented in Fig. 3 in percentage. It can be seen from Fig. 3 that the PVAcB-8 filter performs well in blocking both 340 nm and 380 nm wavelengths used for Fura-2 excitation, as well as blocking all other wavelengths up to 420 nm. These results are consistent with previous work [17] .
System Testing for Repetitive Usage
To test whether the sensor's sensitivity was consistent over repeated application and removal of the filter, PVACB-8 filter was manufactured on a sensor and removed from the sensor (via dissolution in methanol) a total of 10 times. After each filter removal, the sensor was tested by measuring the mean gray value (MGV). To measure the MGV, uniform monochromatic light was projected onto the sensor array, and the image created at the sensor array was captured and with the dark frame subtracted, a mean value over all the pixels was calculated.
During the measurements the humidity and temperature conditions were kept consistent. The temperature was 23 C AE 0:1 C and humidity 25 AE 0.2%. The location of the sensor was set and fixed to prevent light distribution and the amount of light that reaches the sensor from varying. The location of all the optical elements and the light intensity, collimation and uniformity were controlled. The exposure time, frame per second (FPS), gain and offset of the CIS were set and kept fixed during all experiments. Equation (1) was used to calculate the variation in MGV (in percentage) relative to the value obtained in the first measurement as a function of consecutive filter removal and not dependent on wavelength. In equation (1), n is the experiment number and N are the different wavelengths the MGV was measured for. We repeatedly measured the curve for wavelengths from 300 nm to 600 nm in 10 nm steps. However, since the MGV at 300 nm was constantly 0, the variation was calculated for 310 nm and up; consequently the MGV was measured for 30 different wavelengths ðN ¼ 30Þ Fig. 3 . The graph demonstrates Fura-2 excitation and emission spectra in terms of relative intensity (%) and the quantum efficiency (%) curve of the Aptina MT9V032 sensor with and without the PVAcB-8 emission filter. As shown in the graph, the filter effectively blocks the transmission of Fura-2 excitation wavelength for both the bound and unbound state.
Selective results of MGV (for wavelengths 340 nm, 380 nm, and 510 nm) as a function of different experiments are shown in Fig. 4 . The variation did not show consistent decline as a function of the amount of times the filter was applied. Instead, fluctuations occur around a mean MGV value of 105. Similar to the raw data results acquired, equation (1) did not show constant increase; instead they showed fluctuations in sensor response under 4.5%. This variation in measured MGV is due to small variation in experimental parameters, such as sensor cleanliness, location of the sensor (relative to the projected light), temperature, humidity, stray light and other parameters that affect xenon lamp output or the signal as it is perceived by the sensor.
The results from performed MGV measurements confirmed that careful use of the sensor with the manufactured filter provided repeatable results and did not degrade the performance of the system. It is important to note that for performing all of the experiments described in this work, a total of 5 UI-1222LE-M-GLs were used. For each experiment the PVAcB-8 filter was applied to the sensor (or sensors) and after the experiment, it was removed by dissolution in methanol. We calculated that on average each of the 5 sensors was reused over 10 times in total for different purposes. By using an easily removable filter, we have been able to reduce the cost of sensors to less than 10% of the total cost of the system. The authors are unaware of previously published work that discusses the removal and reapplication of emission filter on the sensor array. This property of the filter should not be considered as trivial since commonly used polymers (such as PDMS) are difficult to remove after polymerization [30] . It is important to note that removing the emission filter from the sensor allows us to use the sensor for any application. It is important to distinguish between cleaning the filter of pollutants (which allows reusing the system for the same purpose) to removing the filter completely.
System Testing With a Fluorescent Micro-model
Before testing the system with neurons, we performed additional preliminary tests. The tests were used to (1) confirmed the ability of the system to attenuate wavelengths under 400 nm, (2) test the system's ability to detect fluorescent emission above 400 nm and (3) to test repeatability of the acquired results.
For the purposes of the system, testing Duke Scientific B0200 [31] fluorescent polymer microspheres were used. The fluorescent microspheres are 2 m in diameter and are in aqueous solution. The microspheres were excited via 340 nm and 380 nm light, with an emission peak wavelength of 445 nm [31] .
One microliter of B0200 was transferred via a micropipette and placed on top of the CMOS sensor array in the form of a single drop. The sensor was placed underneath the excitation light and a batch of images (70 images) was captured with the image sensor. Afterwards the sensor was cleaned and reused in order to test repeatability. All the CIS settings such as exposure time, FPS, gain and offset have been set and kept fixed during all experiments.
The images were captured in two sets; a set is composed of two batches and each batch is composed of 70 images. For each batch, one microliter of B0200 was transferred via a micropipette and placed on top of the CMOS sensor array. The time interval between batch one to batch two is seven hours, the time interval between set one to set two is seven days. The images were acquired for both 340 nm and 380 nm wavelengths. A sample fluorescent image is shown in Fig. 5 . A total of 280 images were captured for each 340 nm and 380 nm excitation wavelength. As can be seen from Fig. 5 the system successfully blocked excitation light and captured emission light.
For repeatability testing, the perimeter of fluorescent samples was found and the mean gray value inside the sample was calculated per image. Following the central limit theorem, the recorded MGVs have Gaussian distribution. To test that hypothesis, histograms were created for each batch and were fitted to a Gaussian curve. To show the fit quality, R-square results are shown in Table 1 . From the R-squares, it can be seen that overall there is a good fit between the distributions of the mean gray value to a Gaussian distribution.
Subsequently, previously calculated mean gray values were used to test whether all of the acquired results belong to the same population. When the amount of recorded samples from two different populations is larger than 30 (from each) the Z-test statistics in equation (2) can be performed [32] . Where x 1 and x 2 are the means of the two recorded samples. D is the hypothesized difference, in our 
For z 9 j1:96j we can reject repeatability with a certainty of 0.05, i.e. the probability for the two samples being from the same population is less than 5%. While for z G j0:0627j we can conclude that with probability of 95% the two samples are from the same population (i.e., repeatability). An in between z-score test value (between 0. 0627 to 1.96) shows that we can neither confirm nor deny that whether the samples are from the same population. The z-score statistics results are in shown in Table 2 . In Table 2 there is no result for Batch 1 of Set 1 because the rest of the batches were compared to it. As it can be seen from Table 2 there is good repeatability for both excitation wavelengths.
System Testing With Lymnaea Stagnalis Neurons
The main application of our system is to monitor fluorescence from live neurons loaded with Fura-2. To test our system, Lymnaea stagnalis neurons were used. The following aspects were tested: (1) the ability of the system to detect fluorescence from both 340 nm and 380 nm excitation light, (2) the ability of the system to monitor changes in intracellular calcium via changes in fluorescence from 340 nm and 380 nm excitation, (3) the ability of the system to image neurons over a wide field of view. For all three tests the same system (described in Fig. 1 ), same imaging parameters, same culturing methods and loading method have been used.
The Fura-2 dye (Invitrogen, F1221) was prepared by dissolving 50 g aliquots in 10 L of DMSO (Spectroscopic grade). The stock solution was then further diluted into our cell culture media; defined media (Serum-free 50% L-15 medium with 20 g/mL gentamicin and added inorganic salts at mM: 40 NaCl, 1.7 KCl, 4.1 CaCl 2 , 1.5 MgCl 2 , and 10 HEPES, pH 7.9; Invitrogen, San Diego, CA, USA, special order).
The neurons were cultured on the sensor covered with PVAcB-8 filters and allowed to grow overnight. The following day, the cells were loaded in a 10 M solution of Fura-2AM (cell permeable   TABLE 2 To determine repeatability of the results, the Z-score was determined for each batch. Any results under 0.0627 show good repeatability. It was shown that between the different sets of experiments, the results remained consistent and were reliable variant) for 60 minutes and then washed with culture media. Contact fluorescent images of neurons were taken before and after loading Fura-2AM to control for the effects of auto-fluorescence from neurons. However, we found that no auto-fluorescence at excitation wavelengths of 340 nm and 380 nm was detected. During all the experiments the light intensity was kept constant; the integration time was kept at 500 ms (or 2 FPS), sensor gain and offset were kept at zero. The gain and offset were set to zero in order to minimize noise; the integration time was set to 500 ms for optimal contrast of fluorescence from both 340 nm and 380 nm excitation light. Though this is a relatively long integration time it is very short when compared to the excitation cycle that lasts over 200 s. If necessary the integration time could be decreased by increasing gain. The frames per second limitation of the system is imposed by the sensor which is capable to capture up to 87 frames per second [33] . The temporal resolution used in this work is superior to previous temporal resolution [17] .
To test the ability of the system to detect fluorescence from both 340 nm and 380 nm excitation light, the neurons were imaged with excitation wavelengths of 340 nm and 380 nm. A sample image of single neuron is shown in Fig. 6 . A total of nine neurons were tested and mean signal for each of the neurons was calculated for both excitation wavelengths by summing the fluorescent signal from each pixel within the neuron and normalizing by the area (of the neuron). Standard deviation (STD) for the signals and mean of mean were calculated and are shown in Table 3 . The excitation via 340 nm yields stronger fluorescent signals. As expected the fluorescent signals have large STD due to parameters discussed in Section 5.
To test the ability of the system to monitor changes in intracellular calcium via changes in fluorescence from 340 nm and 380 nm excitation, 50 uL of 1M KCl was added locally to the 2 mL petri dish. KCl caused the neurons to depolarize and trigger action potentials, therefore causing a rise in the intracellular calcium levels of the neurons. Fluorescence was continuously recorded during and following the addition of KCl. The experiment was performed on a total of nine neurons. Fig. 7 shows a change in neuron fluorescence (versus time) as a result of KCl for four different neurons. The fluorescence is calculated as the ratio of calcium bound signal (fluorescence via 340 nm excitation) over calcium unbound signal (fluorescence via 380 nm excitation) shown in Fig. 7(a) for a Fig. 6 . Single Lymnaea neurons (LPeD1) were cultured onto the contact imaging chip and loaded with a Fura-2 calcium indicator. To test the fluorescence in the calcium bound and unbound state, the neuron was excited with (a) 340 nm wavelength and (b) 380 nm wavelength, respectively, and the fluorescence was detected via the image sensor. To compare the size of a single neuron relative to the individual pixels, a neuron was (c) imaged via light microscopy.
TABLE 3
Summary data showing the mean of mean of the detected fluorescent signal for both excitation wavelengths and the standard deviation for each excitation wavelength. This was conducted in a population of 9 neurons single neuron. The images as recorded from the neuron itself are shown in Fig. 7(b) both in grayscale and pseudocolor.
Finally the ability of the system to image neurons over wide field of view was tested. In conventional fluorescent microscopy, there is an inverse relation between the magnification and the imaged area. For effective light collection, high magnification oil immersion objectives are usually used, resulting in a small visible area of several hundred by several hundred micrometers. In previously reported work [17] we have used a fluorescence microscope limited by 300 um(H) Â 400 um(V) field of view. In contact imaging, the field of view is limited by the size of the sensor array [19] , [20] , [34] - [36] . In this Fig. 7 . To test the ability of the system to detect intracellular calcium changes, the neurons were loaded with Fura-2 calcium dye and excited with a high KCl stimulus. As shown in the figure, (a) the addition of KCl resulted in a large rise in calcium as indicated by the fluorescence change. The signal peaks at approximately 70 s following the KCl stimulus before gradually returning to baseline. (b) Sample fluorescence from a single neuron in grayscale and pseudocolor prior to KCl stimulus, at the peak of the stimulus and when returned to basal levels of calcium.
work we are using an Aptina MT9V032 sensor with dimensions of 4.51 mm Â 2.88 mm which results in a significantly increased imaging area. To demonstrate the ability of the fluorescence system to utilize a wide field of view, six neurons have been placed on top of a sensor array and loaded with Fura-2. The distance between the border neurons was measured to be 1200 um(H) Â 1400 um(V). A fluorescent signal as it is captured by the whole sensor array from excitation via 340 nm light is shown in Fig. 8 . In Fig. 8 , the red square surrounding the upper neuron shows the field of view that can be imaged via fluorescent microscopy for comparison purposes. The authors are aware of other work [19] , [20] utilizing this advantage, however it is important to note that in this work, there is no need for complicated image post processing after acquiring the fluorescent image.
System's Resolving Power
In this section we analyze the obtained images and determine the resolution limit of our system. Resolving power or spatial resolution limit is the minimal detail that the optical system can successfully resolve, an important parameter for any optical system. In conventional optical systems, this limit is a result of a diffraction pattern created around each imaged point at the imaging plane. This is commonly calculated by using Rayleigh criterion. In the contact imaging system, the minimal resolution is affected by other factors. For instance, one main factor is the distance between the sample and the sensor array. Additional factors include the fluorescence sample size (because it also affects the distance between the origin of fluorescence signal to the sensor array) and the fluorescence signal contrast. To calculate the resolution limit of our system's fluorescent signal, neurons loaded with Fura-II fluorescent dye were deconvoluted iteratively using damped Richardson-Lucy algorithm [19] , [37] - [39] . Point spread function (PSF) size, shape and the amount of iterations were optimized for maximum image sharpness, maximum contrast and minimum image distortion. Point spread function errors are limited to the size of a single pixel ð6 m Â 6 mÞ. Additionally, the PSF was optimized to the fluorescent image as a whole and not for each fluorescent sample. Optimal PSF size was calculated to be 11 pixels wide and 11 pixels high, where the size of each pixel is 6 m Â 6 m. Sample images of the neurons before and after deconvolution is shown in Fig. 9 . The horizontal and vertical modulation transfer functions (MTF) were calculated by performing convolution of PSF and a step function pattern (the step pattern was manufactured in terms of pixels, therefore each line has a multiplier of 6 and a pair of lines is a multiplier of 12). This is presented in Fig. 10 .
Unfortunately, there is no single cut off criteria for the resolution limit based on the MTF curve. Hence, several cut offs have been proposed. Rayleigh claimed that a contrast of 26% is necessary, while Dawes established empirically that in some cases a contrast of only 3.2% is enough [40] . Based on the variance in the cut off criteria we have applied our PSF to a step function pattern with pair width of 48 m and 60 m. These line widths correspond to horizontal/vertical MTF values of 3.9%/5.8%, and 20.4%/15.3% accordingly (Fig. 11) . From the presented results, we can see that the 3.9% contrast is within visual limits to recognize horizontal resolution for line pair width equal to 48 m. However, for line pair width equaling 60 m, after applying the PSF we can visually distinguish the pattern. Therefore, we conclude that based on the calculated PSF, the system's resolution limit is 30 m. 
Conclusion
In summary, here we demonstrate a complete bio-compatible fluorescence contact imaging system. The system has been tested with fluorescent micro beads and has shown strong fluorescent signal detection. Repeatability tests were performed (by using microbeads) and showed good repeatability.
The system has also been tested for repetitive use by applying, removing and reapplying the filter multiple times. Each time after filter's removal the sensor's sensitivity was tested and test results showed no degradation of the sensor's performance.
The system has been tested with Lymnaea stagnalis neurons and can resolve fluorescence at 340 nm and 380 nm excitation light and monitor variations in the fluorescent signal. Additionally this work has demonstrated the ability of a contact fluorescence imaging system to use wide field of view in order to monitor large fluorescent samples or large quantity of fluorescent samples at the same time, without the need for complicated image post processing. The spatial resolution limit of our contact fluorescent system has been calculated to be 30 m when imaging Lymnaea stagnalis neurons.
The sensor portion of the system includes a CMOS sensor, FPGA board and the sample holder (petri-dish) was measured to be 36 Â 36 Â 18 mm (H Â W Â D). The excitation light can be further reduced in size by utilizing UV LEDs.
During the tests with neurons, the integration time has been set to 500 ms, which offers sufficient temporal resolution in order to successfully monitor changes in fluorescent signal for this application. If necessary, the integration time can be further decreased by increasing the sensor's gain.
Ratiometric contact fluorescent imaging of neurons is more complicated than many other applications mainly due to two factors. These include the need for (1) two excitation wavelengths and (2) a weak fluorescent signal due to a small sample size and small fluorescent concentration. As far as the authors are aware, this is the first time that ratiometric contact fluorescent imaging is reported via live cells. These results show that contact fluorescence imaging is an effective alternative to conventional fluorescent imaging even for complicated applications. Future utility of the current technology can be in situations where conventional fluorescence microscopes fail to provide a solution. For instance, in the field of neurodevelopment, there is much information that we currently do not know regarding neuronal circuit development and the role of activity and calcium. One of the greatest limitations is that with our current technology, it is difficult to conduct long-term calcium imaging. This is due to the half-life and photobleaching of calcium indicators following longterm recordings. With contact imaging, a tightly coupled sensor allows for the detection of much lower thresholds of fluorescence in comparison to conventional microscopy. Further, because of the higher sensitivity in detection, a lower level excitation source is required to stimulate the calcium dye, increasing the longevity of the fluorophore.
The fundamental building block of the nervous system is the neuron. However, alone, a neuron is not able to account for the enormous functions that a nervous system is able to perform. Rather, it is through the complex interconnections between hundreds of billions of neurons in large networks that result in a functioning nervous system. These interconnections allow for the nervous system to control functions from basic reflexes to locomotion, higher order cognition and learning and memory. Hence, to understand how the brain functions, it is critical that we are not only monitoring the activity of a single neuron, but to simultaneously record from multiple neurons in a neuronal network. Currently, optical systems limit the field of view and the number of neurons that can be monitored. Therefore, our current understanding of network activity is limited by the area which we can monitor. However, the significantly larger field of view provided by the contact imaging system will allow for a vastly larger network to be simultaneously interrogated. This technology allows for us to move towards the ideal situation of being able to record from the entire brain at a high resolution.
Application of this contact imaging technology can be in other situations where conventional fluorescence microscopes provide a cumbersome solution, such as fluorescence imaging of the brain in freely moving animals [41] . Contact fluorescence imaging could provide smaller, lighter wireless approaches. This would have a smaller impact on the animal and would allow viewing a larger field of view when compared to the current approaches [41] . Other possible application include monitoring fluorescence signal of water quality in remote areas where the existing commercially available devices do not employ contact technology and use fibers to deliver the excitation light and collect the emission signal. Commercial devices are mostly in a shape of a tube, their size is 20 cm length and 10 cm in diameter; their weight is 1.5 kg; the minimum power supply requirement is 5W [42] , [43] . Their prices start from several thousands of dollars. Contact fluorescence approach can offer smaller and lighter devices with smaller power requirement at smaller price.
